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An S = 1 antiferromagnetic polymeric chain, [Ni(HF2)(3-Clpy)4]BF4 (py = pyridine), has pre-
viously been identified to have intrachain, nearest-neighbor antiferromagnetic interaction strength
J/kB = 4.86 K and single-ion anisotropy (zero-field splitting) D/kB = 4.3 K, so the ratioD/J = 0.88
places this system close to the D/J ≈ 1 gapless critical point between the topologically dis-
tinct Haldane and Large-D phases. The magnetization was studied over a range of temperatures,
50 mK ≤ T ≤ 1 K, and magnetic fields, B ≤ 10 T, in an attempt to identify a critical field, Bc,
associated with the closing of the Haldane gap, and the present work places an upper bound of
Bc ≤ (35± 10) mT. At higher fields, the observed magnetic response is qualitatively similar to the
“excess” signal observed by other workers at 0.5 K and below 3 T. The high-field (up to 14.5 T),
multi-frequency (nomially 200 GHz to 425 GHz) ESR spectra at 3 K reveal several broad features
considered to be associated with the linear-chain sample.
PACS numbers: 75.50.Ee, 76.30.-v, 75.10.Kt, 74.40.Kb
After Haldane reported the fundamental differences
between one-dimensional Heisenberg antiferromagnets
with integer and half-integer spins [1, 2], theoretical [3–
5] and experimental [6] activities focused on clarifying
the magnetic phases and properties of a broad range of
linear-chain magnets described by the Hamiltonian
H = J
∑
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where J is the nearest-neighbor intrachain magnetic ex-
change parameter, D and E are the single-ion and rhom-
bic anisotropies that are commonly referred to as zero-
field splitting parameters arising from the crystal-field
anisotropy, g is the Lande g-factor tensor, B is the ap-
plied magnetic field, λ is a parameter distorting the ex-
change, and the inevitable interchain coupling J ′ is not
shown. For S = 1, the Haldane phase, which possesses
an energy gap ∆ = 0.41J when D = 0, and the Large-
D phase [3, 7] have been established by magnetization
[8, 9], EPR [10–13], and inelastic neutron scattering stud-
ies [8, 14]. Although several materials have been identi-
fied in both limits, to date, no real material has been
identified as being close to the quantum critical point
of D/J ≈ 1. This region of the phase diagram has at-
tracted wide theoretical and numerical attention [15–23]
and the ground-state properties have not been unam-
bigously resolved. Nonetheless, there is converging con-
sensus that the Haldane gap closes and the Large-D gap
opens at a gapless critical point, (D/J)c = 0.97 when
λ = 1, between the two topologically distinct gapped
phases with different parity. In other words, this par-
ticular quantum critical region, which has attracted in-
tense theoretical and numerical scrutiny, remains with-
out any candidate systems whose properties may provide
insight into the measurable thermodynamic and electro-
magnetic properties. Resolving this lacuna will provide
new perspectives into quantum critical phenomena, and
such experimental-theoretical advances are being realized
in other systems [24, 25].
The purpose of this paper is to report new experimen-
tal magnetization and EPR data on an intriguing S = 1
polymeric chain material, [Ni(HF2)(3-Clpy)4]BF4 (py =
pyridine) [26], Fig. 1, that appears to be located close
to (D/J)c. In 2012, [Ni(HF2)(3-Clpy)4]BF4 was synthe-
sized and characterized by a wide-range of spectroscopies
[26]. Most notably, muon-spin relaxation spectra relax
monotonically, and the lack of oscillations or a shift in
the base line are interpreted as indicating the absence
of long-range magnetic order. The low-field B = 0.1 T,
high-temperature (T ≥ 1.8 K) magnetic susceptibility
possessed an antiferromagnetic component, which could
be fit to J/kB = 4.86 K with g = 2.1, and a paramagnetic
Curie-like component that might be associated with un-
coupled Ni2+ spins and/or with S = 1/2 end-chain spins
[5, 27–32]. In addition, analysis of the UV-vis spectra
suggested D/kB ≈ 4.3 K, while heat capacity data are
consistent with D/J . 1. Finally, magnetization data at
T = 0.5 K and in B < 3 T revealed the presence of an
“excess” amount of signal above the response measured
at 1.6 K. The present studies were initiated to search for
evidence of the critical field required to close the Haldane
gap and to understand the origin of the magnetic signal
at low temperatures.
2FIG. 1. (Color online) The crystal structure of [Ni(HF2)(3-
Clpy)4]BF4 (py = pyridine), space group P21/c, resembles
a linear chain of octahedrally coordinated Ni2+ ions linked
by F−H−F bridges along the c-axis [26]. The 3-Clpyridine
(C5H4ClN) ligands isolate the chains from neighboring ones,
and the BF4 anions required for charge neutralization are
omitted for clarity. The local environment of the Ni ions
switches axial orientation along the chain, as sketched by the
arrows, and is an aspect reminescint of the staggered g-tensor
in Ni(C2H8N2)2NO2(ClO4) (commonly referred to as NENP)
[33, 34].
To experimentally explore the magnetization of
[Ni(HF2)(3-Clpy)4]BF4, nominally 4 (±1) mg of small
cubic-like (with sides of a few mm), as-grown [26] poly-
crystalline pieces were randomly placed and rigidly held
in one side of a mutual inductance cell, shown in Fig. 2,
mounted to the dilution refrigerator operated in the
Williamson Hall Annex of the High-B/T Facility of the
National High Magnetic Field Laboratory (NHMFL) at
the University of Florida. At a fixed temperature, the im-
balance between the two secondary coils was monitored
by a lock-in amplifier (Model NF5610B) at low frequency
(52.93 Hz) and low ac field (0.1 mT) while sweeping a su-
perconducting solenoid at a constant rate of 50 mT/min.
The phase setting was adjusted to minimize one chan-
nel of the lock-in amplifier and remained constant for all
runs. The data acquisition of the in-phase and out-of-
phase voltages (Vin and Vout) takes about 3.5 hours as
the field is swept to or from 10 T. To within experimen-
tal resolution, no magnetic hysteresis was established at
FIG. 2. (Color online) The experimental cell used for mag-
netization studies is mostly made of plastics and is oriented
along the direction of the magnetic fields represented by the
left arrow. The main components are: a Ag thermal link
(TL), with a Ag sintered powder heat exchanger (HE), a bath
of pure 3He (fill line not shown) in direct contact with the
sample (S), a Stycast 1266 joint (SJ) to the Kel-F (Neoflon
PCTFE) housing, a primary coil (PC) consisting of 2100 turns
of nominally 76 µm diameter NbTi multi-filamentary wire, a
set of secondary coils (SC) each with 2500 turns of 51 µm
diameter Cu wire, a lower plastic-to-plastic (reusable) vac-
uum seal (VS), and a supporting tower (SU) for the electrical
connections (EC).
50 mK, but the starting and final voltages differ by a
few µV due to changes in the level of the liquid helium
in the bath. With the absence of detectable hystersis
at the lowest temperature, the runs at higher tempera-
tures were performed by sweeping the field in only one
direction. When the runs with the sample were com-
plete, the sample was removed, and the measurements
were repeated so “sample-in minus sample-out” analysis,
commonly employed in pulsed field experiments, could
be preformed. It is noteworthy the sample was cooled
by a liquid of pure 3He, which is known to provide ex-
cellent thermal coupling down to low temperatures and
in high magnetic fields [35, 36], and a similar arrange-
ment was used to cool another molecule-based magnetic
system down to 40 mK [37]. In fact, the solvent associ-
ated with the present sample [26] eroded the thin Stycast
1266 wall of the previous cell, and a new one was con-
structed from an old piece of Kel-F by 3M (now available
as Daikin Neoflon PCTFE).
3The isothermal, low-field dependences of the magni-
tudes (=
√
V 2in + V
2
out), after background subtraction, are
shown in Fig. 3. The overall experimental uncertainty,
which is a combination of background subtraction and
the bath level adjustment, is represented by the bar des-
ignating “+/−”. The legend identifies the temperatures,
and two runs at 50 mK were made. One 50 mK run
was made at the start of the experiment (shown in blue),
while the other 50 mK run (shown in black), which fol-
lowed the measurement at 1000 mK, was made at the
end of the study with the sample present. One striking
aspect of the data is the apparent similarity of the data
sets for T . 400 mK, and at first glance, this result seems
to indicate the sample is not being cooled to the lowest
temperatures. However, it is important to stress several
points. Firstly, as previously mentioned, similar sam-
ples have been reproducibly cooled in other studies [37].
Secondly, difficulty in cooling a sample may indicate an
increase of the specific heat near a quantum phase tran-
sition, where the accumulation of entropy is generally
accepted as a generic consequence [38, 39]. In addition,
the data at the lowest fields suggest the magnetic signal is
absent or exceedingly small. Although the sensitivity of
this cell is considered to be comparable to the one used in
other work [37], the dynamic range of the detection coils
has not been established at this time, so a definitive value
for the critical field necessary to close the Haldane gap,
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FIG. 3. (Color online) The magnitudes of the measured volt-
ages, after background subtraction, are shown as a function of
the magnetic field, and the overall uncertainty is represented
by the bar designating “+/−”. The legend identifies the tem-
peratures, and two runs at 50 mK are discussed in the text.
The apparent degeneracy of the data sets for T . 400 mK
is conjectured to be evidence of the increase of entropy near
the critical point, as discussed in the text. The critical field
necessary to close the Haldane gap has an upper bound of
Bc ≤ (35± 10) mT, as indicated by the arrow and crossbar.
Bc, cannot be established. Nevertheless, an upper bound
of Bc ≤ (35±10) mT can be set as shown in Fig. 3. This
result can be compared to the extrapolated Haldane gap
values near (D/J)c = 0.968, as given by Hu et al. [19],
and the result is Bc = 46 mT, when using the aforemen-
tioned values for the parameters. Finally, the “excess”
signal, at T = 0.5 K and B < 3 T, reported by oth-
ers [26] has been qualitatively reproduced in this work,
but quantitative agreement between the two studies is
lacking. Furthermore, the temperature-field dependences
of the data sets shown in Fig. 3 cannot be modeled by
non-interacting S = 1/2 end-chain spins. Consequently,
the magnetic response at low temperatures and in low
magnetic fields is conjectured to be associated with the
ground state susceptibility, but quantitative analysis will
require data acquired with oriented crystals, where the
impact of a staggered g-tensor, Fig. 1, may be revealed
[33, 34].
High-field, high-frequency EPR spectra were acquired
with a randomly-packed, purposely-powdered sample,
with a total mass of approximately 50 mg, that was syn-
thesized separately from the ones used in the magnetiza-
tion studies. Using a constant flow cryostat operating at
3 K ≤ T ≤ 20 K, the experiments were conducted with
a home-built spectrometer at the electromagnetic reso-
nance (EMR) facility of the NHMFL at Florida State
University. The details of the transmission-type instru-
ment and spectrometer are described elsewhere [40], and
for this work, spectra were acquired at several frequen-
cies ranging from 203 GHz to 425 GHz. The spectra
taken at T = 3 K and at 203.2 GHz and 321.6 GHz are
shown in Fig. 4, where the broad features associated with
the Ni-chains are identified. Since the thermal energy at
T = 3 K is similar to the J and D energies, the full dy-
namics of the Haldane chain are not developed, especially
when considering the Haldane gap is exceedingly small,
∆ . 60 mK, if it exists. The limited EPR data sets pre-
clude any extended analysis with various reasonable or
far-fetched assumptions, e.g. short-range or long-range
antiferromagnetic order is present [11–13, 41–43]. Ulti-
mately, future EPR investigations will need to employ
oriented single crystal samples that can be studied over
a wider range of frequency and temperature.
In summary, the magnetic properties of [Ni(HF2)(3-
Clpy)4]BF4 (py = pyridine) exhibit unusual behavior at
low temperatures and in low fields. An upper bound for
the critical field required to close the Haldane gap is es-
tablished, Bc ≤ (35 ± 10) mT, and this value is close to
the predicted one [19], 46 mT, when using the experimen-
tally established values of J , D, and g. In low fields, the
magnetic signal increases with decreasing temperature
for 400 mK . T . 800 mK but, to within experimen-
tal resolution, is independent of temperature for 50 mK
≤ T ≤ 400 mK. This observation is consistent with a
significant increase in the specific heat arising from the
accumulation of entropy in the vicinity of the quantum
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FIG. 4. (Color online) The EPR transmission signals at
321.6 GHz (top and organge trace) and 203.2 GHz (bottom
and purple trace) are shown as a function of magnetic field.
For each frequency, the arrows designate the features consid-
ered to arise from the Ni-chain, while fingerprints known to
be indicative of trace amounts of oxygen in solid air are la-
beled as O2 [51]. A weak feature, which remains unidentified,
is marked by an asterisk.
critical transition near D/J ≈ 1. These results provide
new experimental access to this quantum critical regime,
where the D/J value might be tunable by pressure [44–
48] and/or chemical modifications such as deuteration
[49, 50]. Ultimately, in the future, a full suite of ex-
perimental tools on oriented single crystal samples will
provide insight into this magnetolomic cornucopia.
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